ABSTRACT: In recent years, alternative soil stabilizers to supplement to cementitious soil stabilizers have been attempted for some applications and provided promising results. This study focuses on the application of a low viscosity liquid polymer for shallow soil improvement. The mixing method of soil specimens treated with the liquid polymer soil stabilizer, which belongs to Styrene Acrylic family, was studied through an experimental testing program. The tested soils included poorly graded sand and sulfate-rich clay. The water, liquid polymer and dry soil were mixed with different sequence to assess the effect on strength. The specimens were cured in controlled environment for up to 35 days before tested. It was found that the curing of the polymer stabilizer in sand and clay were time consuming and took to a month to reach their full strength. The mixing method did not show tangible difference for stabilized sandy specimens and demonstrated significant effect on stabilized clay specimen. Specifically, as to clay, when water was added after the dried soil and polymer were thoroughly, no improvement was observed.
INTRODUCTION
Traditionally, cementitious soil stabilizers, such as lime, cement, fly ash and their derivative product, have been used dominantly to stabilize various soils to improve their strength, reduce permeability, etc. (for example, Ingles and Metcalf 1972; Hilf 1991; Sherwood 1994; Little 1995; Puppala et al. 2003) . These soil stabilizers, although performing satisfactorily in general, have shown some limitations in some situations. For instance, if the soil has excessive sulfate minerals, the reaction between calcium and sulfate will form a mineralettringite (Ca 6 [Al(OH) 6 ]2·(SO 4 ) 3 ·26H 2 O), which causes strength reduction and significant expansion of the soil, which is a commonly reported problem (Mitchell 1986; Katz et al. 2001) . Besides, the cementitiously stabilized soils are usually very brittle and prone to cracking due to shrinkage or dynamic loading (Little 1992; Sebesta 2005; Li 2014) , which greatly lessens the durability and increases the maintenance cost of many applications. Statistic data indicated that the reflective cracking from cementitiously stabilized subgrade soil is one of the major failure modes for pavements. Thus, the assessment of risk of the cracking of cementitiously stabilized soil under traffic loading is a routine task for roadway design. Moreover, the production of cement and lime is energy intensive and also releases considerable amount of CO 2 , which significantly contributes to the climate change (Imbabi et al. 2012 ). Worrell and Galitsky (2008) showed that for every ton of cement and lime production 1 ton and 0.5 ton of CO 2 were released to the air, respectively.
In view of the limitations of the cementitious soil stabilizer, researchers have attempted to utilize some unconventional substitutes such as resins, foams, petroleum emulsions, enzymes, acids, industrial byproducts and waste materials (for example, Rauch et al. 2002; Santoni et al. 2002; Harris et al. 2006; Naeini and Ghorbanalizadeh 2010) . Liquid polymers, including various polymer precursors, emulsions, resin and hardener, etc., have been explored and the results implied a potential for large-scale engineering applications (Camberfort 1977; Moustafa et al. 1981; Jones et al. 1991; Ohama 1995; Al-Khanbashi and El-Gamal 2003; Anagnostopoulos and Papaliangas 2012; Naeini et al. 2012 , Anagnostopoulos et al. 2014 Mohammad and Vipulanandan 2014) . As newly emerging alternatives for soil stabilization, liquid polymer products have not been well studied and no detailed curing and practical guideline is available for many of the liquid polymers that have been already been started to use as soil stabilizers in the field. As a results, the reported performance of the liquid polymer stabilized soil was inconsistent and, sometimes, contradicted with each other (Harris et al. 2006) . Considering these facts, this study focuses on evaluating mixing method when the liquid polymer belonging to the generic family of Styrene Acrylic is used as a stabilizer for sand and clay.
MATERIALS

Soils
The soil evaluated in this study encompassed poorly graded river sand and high plasticity clay. The material properties are summarized in this section. Clean river sand was used throughout this study to represent cohesionless soils. The sand was tested for its gradation, specific gravity, maximum and minimum dry unit weight following the ASTM standards C136, D4253 and D4254 (ASTM 2004 D4253 and D4254 (ASTM , 2014a D4253 and D4254 (ASTM , 2014b , respectively. The gradation curve is presented in Fig. 1 and other test results as well as the calculated indexes are tabulated in Table 1 . In the study, the sand was compacted to 77% relative density, which equals to a dry unit weight of 17.72 kN/m 3 . A compaction test confirmed that this dry unit weight would ensure the relative compaction of the sand was more than 90%. 
Sulfate-rich Clay
Yellowish clay with 2% was prepared in this study to represent cohesive soil with high sulfate content, i.e., the sulfate-rich soils. Cohesive soil with negligible sulfate content was first dried and tested. To determine the percentage of fines (i.e., silt and clay) a wet sieve analysis test following ASTM C325 (ASTM 2007) was performed to circumvent the influence of the clumps on gradation. Thereafter, a sodium sulfate was added to oven-dried soil to achieve a concentration equal to 20,000 ppm (parts per million) or 2% by weight. The prepared sulfate-rich clay was set in a natural environment for a few weeks to allow chemical equilibrium to be reached. The engineering properties for the selected clay are tabulated in Table 2 . 
Liquid Polymer Soil Stabilizer
The utilized polymer for the present study is marketed as Rovene® 6126. Although the exact chemical structure of Polymer S is proprietary, however it is known that the generic family of this polymer is Styrene Acrylic, as shown in Fig. 2 (a) . Such family of polymer is commonly used as water-based wall paints, as well as more advanced purposes such as soil stabilization and dust suppression. The polymerization of styrene-acrylic emulsions is very complicated and is triggered by a primary reaction with a water-based or oilbased free radical initiator. The resultant from the polymerization process is a milky fluid commonly known as "polymer dispersion", "synthetic latex" or simply "latex" as show in Fig. 2(b) . The engineering properties of liquid polymer is listed in Table 3 . The appealing advantage of this liquid polymer for soil stabilization is that: (1) the chemical reaction and following evaporation do not release toxic substance(s); and (2) the viscosity of the polymer is low, which make the mixing in the field easy and tidy. 
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With the focus on the mixing method, at this stage, an average polymer content of 10% and 10% water (by weight of dried soils) was selected based on the published studies on some other liquid polymers having a utilization dosage of 5 ~ 15% for soil stabilization (Mohammed and Vipulanandan, 2014, Azzam 2012) . The soil, liquid polymer and water were mixed following one three methods listed below:
Method-1: Water was added after the dried soil and polymer were thoroughly mixed.
Method-2: Polymer was added after the dried soil and water were thoroughly mixed.
Method-3: Polymer and water were first mixed thoroughly and then together added to the dried soil.
A 4-speed automated mixer was employed to mix the components uniformly. Afterward, the mixture was filled into the cylindrical mold with a 50 mm in diameter and 115 mm in length. The filling was completed in five lifts and compaction was implemented in each lift to achieve the target compaction. In order to make the results comparable the specimens were prepared within 15 minutes, i.e., it took no more than 15 minutes from mixing the soil to completing the specimen casting. The specimens were placed in the laboratory environment, that is temperature = 22±2 o C and humidity = 50 ± 10%, for curing for 2, 4, 7, 28 and 35 days, respectively and were tested to determine appropriate curing duration for the soils. The testing-ready specimens are shown in Fig. 3 .
RESULTS AND DISCUSSIONS
ASTM D2166 was followed to perform the UC tests. In each test, a forcedisplacement curve with hundreds of reported values was acquired. This curve was in turn converted to stress-strain curves having approximately 20 representative measurement points. An example of such curves is illustrated in Fig. 4 . At least three trials were made for each test to ensure the repeatability of the results. The tests were terminated when the peak stress was sufficiently passed, which was usually at a strain level of 6 ~ 8%. A temperature-controlled laboratory environment was maintained throughout the testing program.
The results of the sand indicate that the curing of the stabilized soil in air is a prolonged process, which takes 4 weeks as shown in Figure 5 . The strength is plotted as a percentage of the maximum strength (namely, at 35 days curing). It is obvious the strength gain was rather slow and quite non-linear. About 50% of UCS was obtained within a week but did not achieve 100% until about 28 days. The curing of clay also showed a similar pattern and will not discuss further herein. According to the data presented in Figure 5 , three specimens for each mixing method per each type of soil were prepared and cured in the air for a month and then tested for UCS. The influence of the mixing method on the UCS is manifested in Fig. 6 . With being presented in Fig. 6(a) , the three different mixing methods provided very similar results for sand. The difference between the UCS of the resultant specimens is less than 3%, with Method-1 having the least standard deviation. This observation conforms well to earlier findings of the authors in the work of , suggesting the mixing method is not of salient significance in sand. In contrast, as to clay, the employed mixing methods were shown to have salient effect on the UCS of the resultant specimens. As illustrated in Fig. 6(b) , employing Method-1 results in the lowest UCS increase compared to the case of untreated specimens, which is comparable with the unstabilized soil specimens, while Mixing Methods-2 and 3 are practically the same. 
CONCLUSIONS
Based on an extensive testing program in a controlled laboratory environment, this study determined an appropriate mixing methods to stabilize sand and clay using a liquid polymer soil stabilizer of Styrene Acrylic family. The major findings are summarized below:  Styrene Acrylic liquid soil stabilizer can significantly increase the UCSs of sand and sulfate-rich clay, but the curing process is prolonged and lasts a few weeks in normal natural environments.  The mixing method seems to have insignificant influence on sand soils but have salient influence on the clay soil used in this study. Method-1 (Water was added after the dried soil and polymer were thoroughly mixed.) showed no stabilization effect as the UCS was similar to unstabilized specimens. Both Method-2 (Polymer was added after the dried soil and water were thoroughly mixed.) and Method-3 (Polymer and water were first mixed thoroughly and then together added to the dried soil) showed significant improvement.  Although the three mixing methods produced similar UCSs but the deviation of the results were different, which should be considered when a mixing method is to be selected. The used liquid polymer belongs to a generic family of Styrene Acrylic. Therefore, the conclusions drawn from this study may be applicable to many other liquid polymers in this family.
